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Junctions that connect the endoplasmic reticulum (ER) and the plasma membrane (PM) are unique
yet ubiquitous subcellular compartments. Giordano et al. now report that extended synaptotag-
mins (E-Syts) promote their formation, providing fundamental insight into the molecular machinery
controlling ER and plasma membrane crosstalk.An important concept in cell biology is
that proteins and phospholipids in the
plasma membrane organize into special-
ized regions that facilitate and specify
cell signaling and other cellular pro-
cesses. Endoplasmic reticulum (ER)-
plasma membrane (PM) junctions are
small circular or spatially extended com-
partments in which the ER and PM mem-
branes are stably kept at a distance of
about 10 to 20 nm. Contacts between
the ER and plasma membrane were first
described in muscle in the 1950s (Porter
and Palade, 1957). Although these and
similar connections have been recog-
nized for several decades, it is only
recently that functional roles of ER-
PM junctions have started to emerge.
Calcium (Ca2+) homeostasis is the best-
characterized cellular function of ER-PM
junctions, although nonvesicular lipid
transfer has also been investigated
(Carrasco and Meyer, 2011). In skeletal
muscle, voltage-dependent Ca2+ chan-
nels in the plasma membrane and
ryanodine receptor channels in the sarco-
plasmic reticulum can bind to each other
at such ER-PM junctions to generate the
increase in cytosolic Ca2+ concentration
needed for contraction. The discovery of
stromal interaction molecule (STIM) pro-
teins as the ER-localized lumenal sensors
for store-operated Ca2+ entry and their
translocation into puncta near the plasma
membrane as the ER Ca2+ stores are
emptied provided a unique inside-out
signaling mechanism from the lumen of
the ER to the PM (Lewis, 2011; Liou
et al., 2005). Further work has established
that ER-localized STIM1 can directly
interact with PM PI(4,5)P2 lipids toenhance the formation of the ER-PM
junction as well as with PM-localized
Orai Ca2+ channels to induce store-
operated Ca2+ influx into cells (Carrasco
and Meyer, 2011; Lewis, 2011; Walsh
et al., 2010).
In this issue of Cell, Giordano et al.
(2013) describe a new role for the mem-
bers of the extended synaptotagmins
(E-Syts) family of proteins in tethering
the ER to the plasma membrane. The
molecular functions of the three human
homologs of these proteins have thus
far been elusive. As their name implies,
the sequences of E-Syts are similar to
those of synaptotagmins, which are best
known for their role in exocytosis (Pang
and Su¨dhof, 2010). Synaptotagmins, as
well as the three E-Syts, contain multiple
C2 domains, which often target proteins
to the plasma membrane in a Ca2+-
dependent manner, as exemplified by
conventional protein kinase C (PKC) and
synaptotagmin-1. In other cases, C2
domains are Ca2+ insensitive or can be
targeted to internal membranes. Despite
these structural similarities, Giordano
et al. (2013) now show that the proteins
differ in fundamental ways and uncover
a unique function for E-Syts. The study,
built on previous light microscopy anal-
ysis that characterized the subcellular
localization of E-Syts by overexpression,
showed that E-Syt1 localizes to intracel-
lular compartments, whereas E-Syt2 and
E-Syt3 colocalize with the plasma mem-
brane (Min et al., 2007). The authors
now determine that all E-Syts closely co-
localize with ER markers and that the re-
ported plasma membrane localization of
E-Syt2 and E-Syt3 is in fact due to anCell 15E-Syt-mediated tethering of sections of
the ER to the PM. A potential role of
E-Syts in promoting the formation of ER-
PM junctions is also supported by recent
studies in yeast showing that tricalbins,
homologs of E-Syts, have a similar role
in tethering the ER to the plasma mem-
brane (Manford et al., 2012; Toulmay
and Prinz, 2012).
Analogous to the ER-PM junction
targeting of STIM1 protein (Walsh et al.,
2010), the interaction of E-Syt2 and
E-Syt3 with the plasma membrane
depended on PI(4,5)P2 because induced
depletion of plasma membrane PI(4,5)P2
reversed the association of E-Syt2 and
E-Syt3 with the plasma membrane. Muta-
tions and deletions in E-Syt2 and E-Syt3
established the role of the C2C domain
in targeting the proteins to the plasma
membrane through binding to PI(4,5)P2
(Figure 1). In contrast to E-Syt2 and
E-Syt3, E-Syt1 localized to intracellular
ER but translocated to ER-PM junctions
only after an increase in intracellular
Ca2+ concentration. The authors further
show that the plasmamembrane associa-
tion of E-Syt1 occurs through a Ca2+-
dependent binding of the C2C domain to
PI(4,5)P2 (Figure 1). Nevertheless, as a
note of caution, discerning the subcellular
localization of endogenous E-Syts has
thus far been hampered by the difficulties
of producing specific antibodies for
immunocytochemistry (Giordano et al.,
2013; Min et al., 2007).
An attractive hypothesis for the function
of E-Syts is that they stabilize ER-PM
junctions throughout the cell to enable
STIM-ORAI interaction and store oper-
ated Ca2+ influx. However, this does3, June 20, 2013 ª2013 Elsevier Inc. 1423
Figure 1. ER-PM Tethering
ER-PM junctions are ubiquitous cell compartments in which the two mem-
branes are stably kept at a distance of 10 to 20 nm. Giordano et al. (2013) show
that three ER-localized proteins, E-Syts, play an important role in tethering the
ER to the plasma membrane. Overexpression of E-Syt2 and E-Syt3 connects
large regions of the ER to the plasma membrane mediated by E-Syt C2C
domains that bind plasma membrane PI(4,5)P2 independent of Ca2+. In
contrast, E-Syt1 is at basal Ca2+ levels not associated with the plasma
membrane, but, as the intracellular Ca2+ level increases, the C2C domain will
bind Ca2+ (dashed arrow), resulting in binding to PIP2 in the plasmamembrane
(black arrow) and trapping of E-Syt1 at the ER-PM junction. This is very
different from the regulation of STIM1, for which previous studies showed that
STIM1 translocation to these same ER-PM junctions is mediated by lowering
of lumenal ER Ca2+ levels (illustrated with dashed arrow), which triggers its
oligomerization and the exposure of a PI(4,5)P2 binding and an Orai interaction
region (black arrow). Giordano et al. (2013) further show that the previously
predicted transmembrane region at the N terminus of E-Syts forms a hairpin
insertion in the ER membrane, making both N and C termini accessible to the
cytosol. All E-Syts have a cytosolic SMP domain, whereas E-Syt1 has five C2
domains compared to three for E-Syt2 and E-Syt3. Domains depicted on
STIM1; EF, EF hand; SAM, sterile a motif; CC, coiled-coil; CAD, CRAC
activation domain; and PBD, polybasic domain.not seem to be the case
because small interfering
RNA (siRNA) knockdown of
all three E-Syts does not
have a significant effect on
Ca2+ influx. Thus, although
E-Syts—and possibly also
STIM proteins—may have a
role in supporting the teth-
ering of the ER to the plasma
membrane, there are likely
still additional components
that have a complementary
tethering function. Such alter-
native tethering mechanisms
may not be restricted to inter-
actions of ER proteins with
PI(4,5)P2, as overexpressed
STIM1 proteins can connect
to the plasma membrane
either through binding to
PI(4,5)P2 lipids or by binding
to PM-localized Orai, sug-
gesting that protein-protein
interaction between other ER
and PM proteins could
contribute to the formation
of ER-PM junctions. Given
the structural organization of
E-Syts that includes con-
served regions not required
for tethering, it is also likely
that E-Syts may have yet-
unknown signaling roles at
ER-PM junctions.
In conclusion, the study
of Giordano et al. (2013)
shows that three ER-localizedE-Syts play an important role in tethering
the ER to the plasma membrane in a
PI(4,5)P2- and—in the case of E-Syt1—a
Ca2+-dependent manner. This adds a key
piece to the puzzle of how ER-PM junc-1424 Cell 153, June 20, 2013 ª2013 Elseviertions are created and maintained and
how they might be regulated over time. At
the same time, the study renews the ques-
tion as to whether these ER-PM junctions
have additional roles beyond Ca2+Inc.signaling, with the possibility
thatE-Sytsare foundingmem-
bers of ER-PM junction-local-
ized mediators of alternative
signaling processes.
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